SAŽETAK • Pri različitim uvjetima sušenja provedeno je sušenje iverja drva topole (Populus deltoides
In many developing countries, deforestation and over harvesting from poorly managed forests have brought environmental awareness. As a result, focus was placed on studies dealing with the use of implanted wood resources instead of local forest resources for wood composites production. Therefore, fast growing wood resources such as poplar wood are getting more important as a raw material in particleboard and other wood based panel manufacturing.
Drying of wood particles is one of the main steps in a particleboard production process. Consumption of a high amount of energy, apart from environmental impacts, makes it one of the most energy intensive operations with a great importance in particleboard manufacturing. Hence reducing energy consumption, besides product quality, would be highly important for drying the raw materials used in industry.
Investigation of drying kinetics is one of the best methods to get suffi cient information about drying performance. Experimental data from the drying curves can be used in simulation of wood particle drying to optimize the particleboard production process.
Thin layer drying equations are important tools in mathematical modeling of drying. They are practical and give suffi ciently good results. To use thin layer drying equations, the drying rate curves have to be known. Thin layer drying generally means to dry sample particles or slices in one layer (Akpinar, 2006) . The drying performance of hygroscopic materials can be characterized by measuring the changes in the moisture content as a function of time. Drying kinetics data for wood chips in a steam dryer have been determined by Fyhr and Rasmuson (1996) . Ceylan (2008) investigated the drying characteristic of poplar and pine timbers in a heat pump dryer, but there is no information available on thin layer drying of poplar wood particles. Laboratory based modeling is needed to characterize the thin layer drying process of poplar wood particles, as full scale studies are both expensive and time consuming (Ghazanfari et al., 2006) . Therefore, the objectives of this study were to investigate the drying characteristics of poplar wood particles in a hot air convective thin layer dryer and fi t the best model for the drying performance of poplar wood particles. In addition, the drying kinetics, moisture effective diffusivities, and activation energies of diffusion at different drying conditions will be computed.
MATERIALS AND METHODS

MATERIJAL I METODE
Raw material
Sirovina
The poplar wood (Populus Deltoides) used in this study was supplied from research and educational forest, Khyroudkenar, Noshahr (longitude: 51° 31', Altitude: 36° 39', latitude: -20 m), managed by University of Tehran, Iran. The 20 years old tree trunks were sliced and cut into long strands using an industrial slicer in Rokesh Choobi factory, Gazvin, Iran. The strands were cut into slice shape particles with approximate target dimensions of 1x20x30 mm using a laboratory clipper. The wood particles with the moisture content of around 0.2 kg water/kg dry material were wetted by distilled water to around 1.6 kg water/kg dry material and fi nally they were kept in sealed plastic bags and stored in a 0-4 °C refrigerator to reach equilibration of moisture content without deterioration, for 72 hours before drying.
Drying procedure 2.2. Postupak sušenja
The homogeneously moistened wood particles that had been stored in plastic bags, were placed and spread on three perforated trays, in one layer (about 20 g of dry wood particles on each tray), and put into hot air duct on digital balance, which was connected to a computer. Drying experiments were performed at hot air temperatures of 65, 75, and 85 °C with air fl ow velocities of 1 and 1.5 m·s -1 in a laboratory-scale convective thin layer dryer. The initial weight of each sample was measured by an electronic digital balance (GF3000, ±0.02, A& D, Japan). The dryer was set to the selected drying temperatures and air fl ow velocities for about 30 min to achieve the steady-state conditions before the samples were placed in the duct. The temperatures were measured by means of LM35 sensor (LM35, ±1 °C, NSC, USA), the air fl ow velocities were measured using an anemometer (V-sensor, 405-VI, ±3 %, TE-STO, UK) and the relative humidity of fresh air was measured using a humidity probe (RH-sensor, Capacitive, ± 3 %, PHILIPS, UK). The relative humidity of fresh air was constant (17 %) throughout the experiments. The weight losses of the samples were measured and automatically recorded at 10 second intervals until equilibrium moisture content (EMC) was achieved. Finally, the dried poplar wood particles were put into an oven at 103 ±2 °C for getting equilibrium moisture content. The initial moisture content and equilibrium moisture content were calculated using ASAE, 2001 equations .
Mathematical modeling of drying and data analysis 2.3. Matematičko modeliranje sušenja i analiza podataka
The form of Newton's law of cooling in heat transfer (equation 1) is often used to describe the moisture loss in thin layer drying (Brooker and Bakker-Arkema, 1974) . Based on this law, the drying rate is proportional to the difference in moisture content between the material being dried and the equilibrium moisture content at the drying conditions as:
The solution of (1), assuming k is independent of M and M e , is:
. ...............Zarea-Hosseinabadi, Doosthoseini, Layeghi: Drying Kinetics of Poplar... Where MR is the dimensionless moisture ratio given by:
In order to determine the moisture ratio as a function of drying time, drying curves obtained in this experiment were fi tted with four different models of moisture ratio thin layer drying obtained from the literature (Table 1) . Table 1 Mathematical models applied to the drying curves Tablica 1. Matematički modeli primijenjeni za krivulje sušenja Guarte, 1996; Chninman, 1984 Midilli et al. MR=a·exp(-kt n )+bt Midilli et al., 2002 The goodness of fi t of each model to the experimental data was evaluated from the coeffi cient of determination (R 2 ), root mean square error (RMSE), reduced chi-square (χ 2 ), and mean bias error (MBE). R 2 was used as the primary comparison criteria for selecting the best model to fi t the four models to the experimental data. Also, a model is considered better than another if it has a lower value of the MBE, RMSE, and χ 2 . The expressions for each of these parameters are stated as follows:
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The MBE provides information on the long term performance of the correlations by allowing a comparison of the actual deviation between predicted and measured values term by term. The ideal value of MBE is 'zero'.
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
Experiments of drying kinetics
Eksperimenti kinetike sušenja
Drying curves for the different temperatures and velocities of hot air in drying poplar wood particles are shown in Figures 1-4 . Numerical differentiation of the experimental drying curve data was used to obtain the drying rate curves. Poplar wood particles with an average initial moisture content of around 1.6 kg water/kg dry material were dried to the fi nal moisture content of about 0.008 kg water/kg dry material. It is evident from these curves that the moisture content continuously decreased with the drying time. The drying rate was higher for wood particles dried at higher temperatures than that of particles dried at lower temperatures for the same average moisture content.
The moisture ratio of samples reduced exponentially as the drying time increased. These curves show an increase of drying rate, given by the curve slope, with an increase in temperature (Figure 1 ). This is in agreement with the results of the previous studies (Mazza and Maguer, 1980; Lopez at al., 2000) . At higher temperatures, the relative humidity of the drying air was less than that of the drying air at lower temperatures. Hence, the difference in the partial vapor pressure between the surface of wood particles and the surrounding drying air at higher temperatures would be higher than the one at lower temperatures. Consequently, the moisture transfer rate is increased at higher temperature (Kaleemullah and Kailappan, 2005) .
Figures 1 and 2 clearly show that the air temperature along with air velocity had a signifi cant effect on the moisture content of the samples. Drying process is not only more rapid at higher temperatures but also faster at higher velocities (Figure 3 ). During the experiments of hot air drying, the time to reach the fi nal moisture content for the samples was found to be between 27 and 67 min at different drying conditions. An increase in the air temperature and air velocity resulted in an increase in the drying rate and consequently a decrease in the drying time. Previous studies have reported similar trends (Ertekin and Yaldiz, 2004; Fritzell et al., 2009; Ghazanfari et al., 2006) . As can be seen, drying rate at the initial stage of the drying period is rather low, which may be due to the activation energy and increase of the temperature of wood water content. At 
Figure 1 Drying curves (moisture content vs. time) for poplar wood particles under different hot air drying conditions Slika 1. Krivulje sušenja (sadržaj vode u ovisnosti o vremenu sušenja) za iverje drva topole pri različitim uvjetima sušenja vrućim zrakom the beginning, when the moisture content was high, the drying rate was very high, and as the moisture content approached the equilibrium moisture content, the drying rate was very low (Figure 2 ). This is in good agreement with the results of Kaleemullah and Kailappan (2005) , Lopez et al. (2000) and Mazza and Maguer (1980) . Drying rate vs. average moisture content curves (Krischer curves) for wood particles at different drying air temperatures are shown in Figure 4 . To eliminate the scattering of curves, each drying rate curve was smoothed using a second-order polynomial (Kemp et al., 2001) .
Generally, the product is dried at a constant rate, and for hygroscopic products, after a falling rate period, the decrease stops and the equilibrium is established. As shown in Figure 4 , all drying periods can be observed in the curves for poplar wood particles made by Krischer. At the early stage of drying, known as the induction period, the wet solid temperature rises to a constant (equilibrium) value (Montazer-Rahmati and Amini-Horri, 2001) then, a short constant rate period begins. In the constant rate period of drying, external conditions such as temperature, air fl ow velocity, relative humidity of the medium and physical form of the wood particles control the drying process and the surface diffusion is the dominant diffusion mechanism. Toward the end of the constant rate period, moisture has to be transported from the inside of the solid material to the surface by capillary forces and the drying rate may still be constant until the moisture content has reached the critical moisture content, and the surface fi lm of the moisture has been so reduced that dry spots appear on the surface. Then the fi rst falling rate period or unsaturated surface drying begins. Since, however, the rate is computed with respect to the overall solid surface area, the drying rate falls even though the rate per unit of wet solid surface area remains constant (Menon, 1995) . In this drying period, liquid diffusion is the dominant diffusion mechanism due to moisture concentration difference and internal conditions such as moisture content, temperature, and wood particles structure. When the surface fi lm of the liquid is entirely evaporated, the subsequent falling rate period begins. In the second falling rate period of drying, vapor diffusion is the dominant diffusion mechanism as moisture concentration difference and internal conditions are still very important (Husain et al., 1972) .
Referring to the curves, the critical point is approximately 1.4 kg water/kg dry material. This high critical moisture content is attributed to the hygroscopicity of wood substance. As mentioned above, wood particles did not show a distinct constant rate period throughout the drying process (Figure 4 ) and drying mostly took place in the falling rate period. Pang et al. (1997) , Husain et al. (1972) and Fritzel et al. (2009) show in their investigations that there was a constant rate period during the drying of veneer and wood fi bers. Bakshi and Singh (1980) state that although biological materials have high moisture content, generally no constant rate period is seen in the drying processes. Similar results have been presented by Chandy et al. (1992) , Freire et al. (2001) , Kaleemullah and Kailappan (2005) and Vijayaraj et al. (2007) . Although materials are generally dried without a constant rate period, Erbay and Icier (2010) state that sometimes there is an overall constant rate period at the initial stages of drying. The short constant rate period that can be seen at the beginning of the drying process may be attributed to evaporation of superfi cial water, retained on the surface of wood particles after removing the excessive water, making the sample surfaces wet during this period.
Fitting of the drying curves 3.2. Prilagodba krivulja sušenja
So far, numerous models have been proposed to describe the behavior of thin layer drying kinetics. In this study, four different models were fi tted to the experimental drying curve data at different drying conditions (Table 1) . The results of the statistical analysis and the estimated values of the parameters for these models have been listed in Table 2 . The results show that all the four models gave a good fi t to the experimental data with a value greater than 0.96 for R 2 . Among the models, the Midilli et al. model showed the (Table 2) .
To account for the effect of the drying variables on the Midilli et al. model constants k, a, b and coefficient n, the predicted values were correlated as a function of drying air temperature and air fl ow velocity using multiple regression analysis (Eqs. 9-11). Based on this analysis, the Midilli et al. model constants and coeffi cient were expressed in terms of drying air temperature T (°C) and air fl ow velocity u (m·s 
These functions can be used to estimate the moisture ratio of poplar wood particles with a high accuracy and are valid for the above mentioned conditions. The accuracy of the established model was evaluated by comparing the computed moisture ratios with the observed values as shown in Figure 5 . The close agreement between the measured and the predicted moisture contents gives confi dence in applying the model to examine the infl uence of wood particles variables and drying conditions on the drying rate. In describing a drying process during the falling rate period, the concept of effective moisture diffusivity (D eff ) has been accepted as the basic mechanism of moisture movement inside the drying material (Reyes et al. 2004) . As mentioned in the previous sections, the drying of wood particles mostly occurs in the falling rate period and liquid diffusion controls the process. Fick's second law of diffusion can be used to model the drying behavior of wood particles. The following analytical solution for diffusion in an infi nite planar slab was given by Akpinar, 2006: 2 2 2 2 2 1 8 1 ( 2 1 ) exp (2 1) 4
Only the fi rst term of equation (6) is used for long drying times (Lopez et al., 2000) , hence: Midilli et al. a=0.965, k=0.04, n=1.522, b=0 
The activation energy of diffusion was calculated using an Arrhenius type equation (Akpinar et al., 2003; Lopez et al., 2000) :
Where E a is the energy of activation (kJ·mol -1 ), R is universal gas constant (8.3143 kJ·mol -1 K), T a is absolute air temperature (K), and D o is the pre-exponential factor of the Arrhenius equation (m   2   ·s -1 ). The activation energy can be determined from the slope of the Arrhenius plot, ln(D) versus 1/T a . From Equation (9), a plot of ln(D) versus 1/T a gives a straight line whose slope is k 1 , given by:
In the above equations, isothermal assumption was used and T is the ambient air temperature of the dryer duct.
The effective moisture diffusivity D eff of poplar wood particles increased from 1.01E-10 to 2.53E-10 m 2 ·s -1 as the drying air temperature increased from 65 to 85 °C, and increased from 1.69E-10 to 2.03E-10 m 2 ·s -1 as the air fl ow velocity increased from 1 to 1.5 m·s -1 . As can be deduced, the effect of hot air temperature on effective moisture diffusivity is higher than that of air fl ow rate. The plot depicting the relationship between ln(D eff ) and 1/T was found to be a straight line in the range of temperatures investigated, indicating Arrhenius dependence ( Figure 6 ). The activation energy of diffusion E a for 1 m·s -1 and 1.5 m·s -1 air velocity were also calculated as 27.8 kJ·mol -1 and 50.8 kJ·mol -1 , respectively.
CONCLUSION 4. ZAKLJUČAK
At the end of this study, the following conclusions can be drawn:
The Midilli et al. model is quite suitable for predicting the drying curve behavior of poplar wood particles in the temperature range of 65-85 °C.
Constant drying rate period is very short in any of the experiments and the drying process of the poplar wood particles is mostly carried out at the falling rate period.
Effective moisture diffusivity of poplar wood particles increases with increasing air temperature and air fl ow velocity in the range of 1.01E-10 to 2.53E-10 m 2 ·s -1 . The activation energy of diffusion for 1 m·s -1 and 1.5 m·s -1 air fl ow velocities were calculated as 27.8 kJ·mol -1 and 50.8 kJ·mol -1 , respectively. 
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